Abstract Irritable bowel syndrome is a frequent gastrointestinal disorder of unknown etiology. The serotonin transporter regulates the intensity and duration of serotonin signaling in the gut and is, therefore, an attractive candidate gene for irritable bowel syndrome. Previous studies investigating the 5-HTTLPR and Stin2 VNTR polymorphisms of the serotonin transporter have proved inconclusive. In this exploratory study we therefore expanded the search for a possible association of the serotonin transporter with irritable bowel syndrome to include not only the 5-HTTLPR and Stin2 VNTR length polymorphisms, but also the functional single nucleotide polymorphism rs25531. We genotyped 186 patients with irritable bowel syndrome and 50 healthy control subjects raging in age from 18 to 70 years. Carriers of the rare G allele of rs25531 had approximately threefold increased odds of irritable bowel syndrome compared with healthy controls (OR 3.3, 95% CI 1.1-9.6). Our findings suggest that further investigation of the possible role of the serotonin transporter in the etiology of IBS is warranted.
Introduction
Irritable bowel syndrome (IBS) is a gastrointestinal (GI) disorder affecting around 10% of the population in Western countries [1, 2] . The disease is characterized by abdominal discomfort or pain associated with defecation or altered bowel habits, with no structural or biochemical explanation of the symptoms [1] . Evidence from twin and familial aggregation studies suggests that genetic factors contribute to the etiology of IBS [3, 4] . Because the serotonin system has been widely implicated in the pathophysiology of IBS [5] [6] [7] , a number of studies have investigated possible association of serotonin transporter (SERT) polymorphisms with IBS, with conflicting results. Localized on the presynaptic membrane of serotonergic neurons, SERT acts as the major regulator of serotonergic neurotransmission throughout the body by controlling intensity and duration of serotonergic signaling via re-uptake of the neurotransmitter into the synapse [8] . The SERT gene is located on chromosome 17q11.1-17q12 and organized into 14 exons spanning approximately 38 kb ( Fig. 1 ) [9, 10] . Its most frequently studied variant, 5-HTTLPR, located in the promoter region, is subdivided into a short (s) and long (l) allele, based on the presence or absence of a 43 bp insertion/deletion polymorphism [11, 12] . Evidence for an association of 5-HTTLPR with IBS is inconclusive, because some studies found an association between IBS and the 5-HTTLPR s/s genotype [13, 14] whereas others did not [15] [16] [17] [18] [19] [20] . A second SERT polymorphism, STin2 VNTR, located in intron 2 and consisting of a variable number (usually 9, 10, or 12) of nearly identical 17-bp segments, has been found to be associated with IBS in only one study, with the 10/12 genotype more frequent in patients than in controls [21] . Most authors, however, have found no association between STin2 VNTR and IBS [13, 15, 18, 20] .
The objective of this exploratory study was to contribute to our understanding of the role of SERT polymorphisms in IBS by not only genotyping the 5-HTTLPR and STin2 VNTR polymorphisms but also a single nucleotide polymorphism, rs25531, which is located immediately upstream of 5-HTTLPR and has not previously been investigated in IBS [12] . Because of their close proximity, rs25531 and 5-HTTLPR are strongly linked, yet they have opposing effects on SERT expression. The 5-HTTLPR lallele has been associated with higher SERT expression and function than the s-allele [11, [22] [23] [24] [25] . In contrast, the comparatively rare rs25531 G allele, occurring most frequently in combination with 5-HTTLPR -l, lowers SERT transcription compared with the more frequent A-allele [26] . As previous association studies indicated possible association of IBS with low-expression SERT genotypes [13, 14] , we hypothesized that the low-expressing variant of rs25531 would be more frequent in patients with IBS than in controls.
Methods

Study Participants
This study was reviewed and approved by the University of Washington human participants institutional review board prior to participant recruitment. Participants were recruited through community advertisement. Subjects with IBS were part of an intervention study at the University of Washington investigating the effects of cognitive-behavioral therapy in IBS patients (Nursing Management of IBS: Improving Outcomes). Of 255 subjects enrolled in the parent study 188 consented separately to this supplemental genetic study. In two of these 188 cases DNA isolation or genotyping failed, resulting in a total of 186 samples from IBS patients. To be included in the study, IBS patients had to have a prior diagnosis of IBS made by a health-care provider and had to be currently experiencing IBS symptoms as described in the Rome-II criteria [27] , i.e. at least 12 weeks in the preceding 12 months of abdominal discomfort or pain with two of the following three features: 1. relieved by defecation; 2. onset associated with a change in frequency of stool; or 3. onset associated with a change in form (appearance) of stool.
Fifty healthy age, gender, and race/ethnicity-matched volunteers were recruited by community advertisement for this genetic study only. Participants with IBS and control subjects were excluded if they had another GI disorder, previous GI surgery, other painful chronic health conditions, or a history of severe psychiatric illness. Participants lived in the Seattle area and reflect the predominantly Caucasian racial/ethnic mix of the region.
Sample Collection and Genotyping
A sample of 10 ml EDTA-anticoagulated blood was collected at a local laboratory. Samples were identified by subject number only. DNA isolation and genotyping was performed by investigators unaware of any subject information. DNA was isolated from blood using buffy coat preparations in a modification of the procedure of Miller [28] , using Puregene DNA Purification Kits (Gentra Systems, MN, USA) and following the manufacturer's instructions. For genotyping of 5-HTTLPR, 0.5 lM oligonucleotide primers flanking 5-HTTLPR (forward: 5 0 -ATG CCAGCACCTAACCCCTAATGT-3 0 ) and reverse: 5 0 -GG ACCGCAAGGTGGGCGGGA-3 0 ) were used in 10 ll PCR reactions containing 5 ll HotStar Taq Master Mix (Qiagen, CA, USA), 2.5 ll betaine (Sigma-Aldrich, MO, USA), and 100 ng genomic DNA from each subject. PCR reactions were run on an MJ Research PCT-200 DNA engine, using the following cycling conditions: 15-min incubation at 95°C, followed by 33 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 2 min, followed by a 10-min final extension step of 72°C for 10 min. Results were size-fractionated on a 3% agarose gel which enabled easy distinction of the s allele, yielding a 376-bp fragment, the l allele, resulting in a 419 bp fragment, and the xl allele, resulting in an approximately 460-bp fragment. For genotyping of STin2 VNTR, 0.5 lM oligonucleotide primers flanking the polymorphic site (forward: 5 0 -GTCAGTATCACAGGCTGC GAG-3 0 and reverse: 5 0 -TGTTCCTAGTCTTACGCCAG TG-3 0 ) were used in PCR reactions using the same reagents and cycling conditions as described above for 5-HTTLPR. Reaction products were size-fractionated on a 5% nondenaturing polyacrylamide gel, enabling distinction of the 214-bp STin2.7, 248-bp STin2.9, 265-bp STin2.10, and 299-bp STin2.12 alleles. rs25531 was genotyped using an ABI7000 Gene Expression System. Genomic DNA (100 ng) was amplified in the presence of gene-specific primers (forward: 5 0 -CCCTCGCGGCATCCC-3 0 , reverse: 5 0 -ATG CTGGAAGGGCTGCA-3 0 ) and allele-specific fluorescent probes (VIC-CTGCACCCCCAGCAT-NFQ and FAM-CTGCACCCCCGGCAT-NFQ) obtained through the Applied Biosystems Custom TaqMan SNP genotyping assay service, and following the manufacturer's instructions.
Data Analysis
Calculations for deviation from Hardy-Weinberg equilibrium were performed using v 2 tests. Comparisons between IBS subjects and controls by SERT genotype and other comparisons involving categorical variables were made using the generalization of Fisher's exact test. Continuous variables, for example age at onset of IBS, were compared between the genotype groups using twosample t-tests. Odds ratios for IBS by SERT genotype were determined by logistic regression with and without controlling for membership in one of four race categories: White, African American, Asian, or other/multiple races.
Results
The demographics of IBS subjects and controls are shown in Table 1 . Genotype distributions for the 5-HTTLPR, STin2 VNTR, and rs25531 polymorphisms were checked for deviation from Hardy-Weinberg equilibrium and no deviation was observed (IBS: 5-HTTLPR v 2 = 2.3, P = 0.51; STin2 VNTR v 2 = 2.5, P = 0.47; rs25531 v 2 = 2.9, P = 0.09. Controls: 5-HTTLPR v 2 = 2.1, P = 0.15; STin2 VNTR v 2 = 0.58, P = 0.90; rs25531 v 2 = 0.09, P = 0.77). Allele frequencies are shown in Table 2 .
Comparing genotype distributions between subjects with and without IBS (Table 3) showed that the rs25531 A/G Note: For categorical variables (gender and race) the numbers (n) and the percentages (%) of subjects with IBS (n = 186) and controls (n = 50) that met the demographic criteria listed are given. For age, mean ± SD is given. Differences between subjects with IBS and controls were not significant (Fisher's exact test or two-sample t-test) Note: Shown are the allele frequencies (%) for subjects with IBS (n = 186) and controls (n =
genotype was significantly more frequent among subjects with IBS than among controls. There was also a trend towards association of the 5-HTTLPR l/l genotype with IBS. These results remained the same whether men and women were analyzed together, as shown, or when the analysis was performed for women only (data not shown). In addition, genotype frequencies for the STin2VNTR and rs25531 polymorphisms differed significantly by population group (Table 4 ). In particular, the STin2.9 allele was exclusively observed among subjects who had classified themselves as White only. The STin2.12 allele, on the other hand, was less common among White subjects (allele frequency 60%) than among individuals who had classified themselves as Black (69%), Asian (94%), or of American Indian/Alaskan Native or mixed origin (70%). Likewise, the rs25531 G-allele was much less frequent among Whites (8%) than among Blacks (19%), Asians (31%), or subjects of American Indian/Alaskan Native or mixed origin (11%). Neither the observed association of IBS with the rs25531 G-allele, nor the trend towards an association with the 5-HTTLPR l/l genotype changed if results were controlled for race, however (Table 3) .
Genotypes at the three polymorphic sites, 5-HTTLPR, STin2 VNTR, and rs25531, were not independent of each other. As shown in Table 5 , in White subjects the 5-HTTLPR s allele occurred more frequently in combination with the STin2.12 allele and the rs25531 A allele than with STin2.9, STin2.10, or rs25531 G, indicating the presence Note: Shown are the numbers (n) and the percentages (%) of subjects with IBS (n = 186) and healthy controls (n = 50) with any given genotype. One subject carrying the l/xl genotype was excluded from the 5-HTTLPR analysis, and two controls failed genotyping for 5-HTTLPR and STin2 VNTR. Shown are odds ratios and 95% confidence intervals (95% CI). Adjusted odds ratios were controlled for membership in one of four race categories: White, African American, Asian, or other/multiple races Note: Shown are comparisons between subjects describing themselves as ''White'' only (n = 193) versus all other and mixed population groups combined (n = 39). Subjects with unknown race/ethnicity or missing genotypes were excluded. There was no statistically significant difference in genotype distribution for 5-HTTLPR (Fisher's exact test P = 0.24) whereas for STin2VNTR (Fisher's exact test P = 0.03) and rs25531 (Fisher's exact test P = 0.02) genotype distributions differed significantly of linkage disequilibrium (LD) between the three sites. There was less evidence for LD among non-White subjects. These results remained the same whether subjects with IBS and controls were analyzed together, as shown, or when the analysis was done for IBS subjects only (data not shown).
Because of the presence of LD one might expect that the trend towards association of 5-HTTLPR l/l with IBS that we observed might be because subjects with the 5-HTTLPR l/l genotype also carry an rs25531 G allele more frequently than subjects with other 5-HTTLPR genotypes. However, when rs25531 G allele carriers were excluded from the analysis, the trend towards an association of 5-HTTLPR l/l with IBS persisted (Fisher's exact P = 0.061).
SERT genotype distributions did not differ significantly by IBS subtype (Table 6 ). In addition, age at onset of disease, average pain intensity, or extent to which IBS subjects reduced their daily activities due to pain were not significantly associated with SERT genotype (data not shown).
Discussion
Our study is the first to show that the G allele of the rs25531 polymorphism of SERT is associated with IBS. The frequency of the rs25531 G allele in our healthy control subjects agrees with previous observations giving the frequency of the rs25531 G allele in Caucasian subjects as 7% [12] . Our observations are also in agreement with earlier studies that demonstrated population differences in the genotype distribution of SERT polymorphisms, with population differences in the degree of LD between these loci [29] [30] [31] [32] . It should be noted that the presence of LD within the SERT gene implies the possibility that the association between rs25531 and IBS we observed might not be because of the functional effects of rs25531 itself, but could also be because of the effects of another, as yet not investigated, marker in the SERT gene that is in LD with rs25531.
Our finding that the presence of the rs25531 G allele raises the odds for IBS about threefold is in keeping with prior observations that have reported an association of IBS with the lower-expressing 5-HTTLPR s/s genotype [13, 14] . The connection between IBS and low SERT expression and/or function is also supported by observations of decreased SERT expression in the colonal mucosa of IBS patients [33] , and decreased SERT function in blood platelets of patients with diarrhea-predominant IBS [34, 35] . Substitution of the common rs25531 A allele with a G allele creates an additional AP2 transcription factor binding site in the SERT promoter which has previously been shown to lower SERT expression in vitro [26] . Yet it cannot necessarily be concluded that this polymorphism has the same functional effect in IBS. The transcription of most genes depends on the cellular environment, and the effect of SERT polymorphisms on gene expression has been shown to differ in different types of cell [36] . Depending on the cellular environment, AP2 transcription factors can act as transcriptional activators and repressors [26, 37] . Hence, the functional significance of our observed association of rs25531 G with IBS in the gut is still unknown. Moreover, we also found a trend towards association of the higher-expressing 5-HTTLPR l/l genotype with IBS, which cannot be solely explained on the basis of LD between these polymorphisms. In common with most prior studies of SERT in IBS, we did not observe any association of the STin2 VNTR polymorphism with the disease. Moreover, we saw no effect of SERT genotype on the predominant bowel pattern of IBS or age at onset of disease. Studies in mice lacking SERT have shown that most SERT knock-out animals experience diarrhea, yet a smaller group has predominantly constipation. Moreover, for a single mouse lacking SERT, diarrhea and constipation alternate irregularly [38] . The presence of constipation even though increased SERT availability should predispose to diarrhea has been attributed to enteric serotonin receptor desensitization in the presence of chronically enhanced serotonergic neurotransmission in the gut. This mechanism could explain why we found the presumably lowerexpressing rs25531 G-allele to be associated with all forms of IBS, not just the diarrhea-predominant type. The Gallele was more common in diarrhea-predominant subjects than in constipation-predominant or alternator subjects; because of the small subject size, however, these differences were not significant. A recent meta-analysis concluded that the 5-HTTLPR polymorphism of SERT is not associated with IBS [39] . Our results show that we cannot generalize from this and similar negative genetic association studies that SERT plays no role in IBS, because other, previously not investigated SERT polymorphisms, for example rs25531, may very well be relevant to the disease. Our finding that the rs25531 G allele raises the odds for IBS about threefold is further evidence of the role of serotonin in the pathophysiology of IBS.
The main limitation of this study is its small sample size. Not only would a larger sample size have established the association between rs25531 and IBS with greater certainly, it would also have been better able to answer the question of whether the rs25531 G-allele increases the odds for diarrhea-prominent IBS more than those for constipation-predominant or alternator subtypes. Moreover, it can be argued that our group of IBS patients represents a potentially biased sample, as patients were originally recruited for participation in a cognitive-behavioral trial of IBS and not chosen from a clinic population. However, because both subjects and controls were recruited via community advertisement and utilizing the same venues, the differences in SERT genotype distributions reported Diarrhea-predominant total n = 98
Alternators total n = 36
Normal stool total n = 10 n (%) n (%) n (%) n (%) here should still be valid. Nonetheless, confirmation of the association of rs25531 with IBS in a larger sample of subjects is clearly needed, along with further studies on SERT function in IBS and the effects of genetic variants on SERT function in gut cells.
